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A macroscopic fluid pump works according to 
the law of Newtonian mechanics and transfers a 
large number of molecules per cycle (of the order 
of 10^''). By contrast, a nano-scale charge pump 
can be thought as the ultimate miniaturization 
of a pump, with its operation being subject to 
quantum mechanics and with only few electrons 
or even fractions of electrons transfered per cycle. 
It generates a direct current in the absence of an 
applied voltage exploiting the time-dependence of 
some properties of a nano-scale conductor. The 
idea of pumping in nanostructures was discussed 
theoretically a few decades ago [IHl]. So far, 
nano-scale pumps have been realised only in sys- 
tem exhibiting strong Coulombic effects [5- r;12j , 
whereas evidence for pumping in the absence of 
Coulomb-blockade has been elusive. A pioneer- 
ing experiment by Switkes et al. [13j evidenced 
the difficulty of modulating in time the proper- 
ties of an open mesoscopic conductor at cryogenic 
temperatures without generating undesired bias 
voltages due to stray capacitances |14|, I15| . One 
possible solution to this problem is to use the 
ac Josephson effect to induce periodically time- 
dependent Andreev-reffection amplitudes in a hy- 
brid normal-superconducting system [16j. Here 
we report the experimental detection of charge 
flow in an unbiased InAs nanowire (NW) embed- 
ded in a superconducting quantum interference 
device (SQUID). In this system, pumping may 
occur via the cyclic modulation of the phase of 
the order parameter of different superconducting 
electrodes. The symmetry of the current with 
respect to the enclosed magnetic flux |17L I18j 
and bias SQUID current is a discriminating sig- 
nature of pumping. Currents exceeding 20 pA 
are measured at 250 mK, and exhibit symme- 
tries compatible with a pumping mechanism in 
this setup which realizes a Josephson quantum 
electron pump (JQEP). 

The microscopic mechanism that enables the transport 
properties of the NW to be affected by the phases of the 
superconducting order parameter is Andreev reflection 
|19j . This is the quantum process for which an electron 
impinging from the normal side onto the interface be- 
tween a normal metal and a superconductor, is retrore- 
flected as a hole (i.e., a time-reversed electron) which 
picks up the phase of the superconducting order parani- 
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FIG. 1. InAs Josephson quantum electron pump, (a) 

Pseudo-color scanning electron micrograph of a JQEP. An 
InAs nanowire (NW) is connected to three ~ 250-nm-wide 
V/Ti superconducting contacts forming two ~ 50-nm-long 
Josephson weak-links and realizing a superconducting quan- 
tum interference device (SQUID). Two Au/Ti leads, placed 
at relative distance of ~ 1.5 /^m, are contacted to the ends of 
the NW to allow current detection. The structure was fab- 
ricated with electron-beam lithography and evaporation of 
metals. The normal-state resistance of the SQUID is ~ 250 f2 
whereas that of the Au/NW/Au line is ~ 3.5 kfi. (b) Blow- 
up of the device core showing the two V/InAs/V Josephson 
junctions as well as the two An electrodes, (c) Inset: SQUID 
voltage iysQuiD) versus current (Isquid) characteristics at 
$ = and "1> = $0/2 ($ is the applied magnetic flux whereas 
$0 is the flux quantum) showing a maximum critical current 
of ~ 235 nA. $0 corresponds to a magnetic field of ~ 1.4 Oe 
applied through an effective loop area of ~ 14.6 /im^. Main 
panel: ^-dependent modulation of the SQUID critical current 
Jc. Dashed line is the theoretical behavior of a tunnel and 
resistively-shunted junction SQUID assuming an asymmetry 
of ~ 4% between the critical currents of the two weak-links. 
Data in (c) are taken at T = 250 mK. 



eter. When two or more superconductors are connected 
to the NW, multiple Andreev scattering processes can 
occur between them so that transport through the NW 
will depend on the differences between the phases of the 
order parameters |20| . 
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The physical reahzation of this scheme is shown in Fig. 
la and consists of a heavily-doped InAs semiconducting 
NW on top of which three fingers of superconducting (S) 
vanadium (V) are deposited thus implementing a SQUID 
[H]. Two Au normal-metal electrodes (N) are coupled 
to the ends of the NW to allow detection of the current 
Iwire flowing through the wire. A close-up of the device 
core is shown in Fig. lb. Time-dependence, and possi- 
bly pumping, arises from biasing the loop with a current 
I SQUID larger than the critical current /f, of the SQUID 
so that the phase differences and </?2(i) across the 

two Josephson junctions cycle in time at the Josephson 
frequency vj = Vsquid/^^), where Vsquid is the volt- 
age developed across the SQUID and $o — 2 x 10~^^ Wb 
is the flux quantum. In addition, Lpi{t) and ^P2{t) can 
be shifted by a constant term S^p — 27r<I'/$o originating 
from an applied magnetic flux $ threading the loop. This 
scheme has the advantage that no high-frequency signal 
needs to be brought to the sample thus simplifying the 
setup and minimizing the impact of stray capacitancies: 
the time-dependent signal is self-generated thanks to the 
ac Josephson effect. 

Below the critical temperature of the superconductors 
(Tc ~ 4.65 K) a Josephson current flows through the 
SQUID across the NW. The SQUID voltage-current char- 
acteristics at 250 mK is shown in the inset of Fig. Ic for 
two representative values of $. Whereas for $ = the 
characteristic shows a clear dissipationless regime with 
a critical current Ic — 235 nA, for $ = $o/2 it behaves 
almost linearly with largely suppressed. The full Ic{^) 
dependence (main panel of Fig. Ic) shows the character- 
istic pattern of a superconducting interferometer. The 
theoretical curve of a conventional (i.e., described by 
the RSJ model) SQUID [22] is shown for a comparison 
(dashed line, see Supplementary Information). 

Figure 2a shows a sketch of the pumping measurement 
setup. A dc current I squid is fed through the SQUID 
terminals while the voltage drop Vsquid is measured 
against <I>. The N electrodes are grounded and I wire is 
sensed with an amperometer. The N and S parts of the 
circuit have no common ground therefore preventing any 
direct net charge transfer from the SQUID to the NW. 

In the following we will concentrate our attention 
on the symmetries in $ and I squid displayed by 
the measured signal, as these are of crucial impor- 
tance for the interpretation of the experiment. The 
low-temperature SQUID flux-to- voltage transfer function 
Vsquid = dVsQuiD/d^ versus $ and I squid is dis- 
played in Fig. 2b. In particular, Vsquid is a $o"P6riodic 
function of $ and is antisymmetric in $ and Isquid- 
By contrast, the flux-to-current transfer function of the 
NW, Iwire — dlwire/d^ (Fig- 2c), bcsidcs exhibiting the 
same <I>o-periodicity shows a drastically different behav- 
ior, being almost symmetric either in $ or in Isquid- 
A similar behavior with the same symmetries of Twire 
is displayed by the NW flux-to- voltage transfer function. 




FIG. 2. Experiment setup and transfer functions 
characteristics. (a) Schematic drawing of the JQEP 
setup. A dc current Isquid is fed into the SQUID termi- 
nals through a floating source while the voltage drop Vsquid 
is recorded against the applied magnetic flux "1> threading 
the ring. When Isquid exceeds the SQUID critical super- 
current the ac Josephson effect sets up inducing a current 
Iwire which flows iu the NW. Iwire is scuscd through an 
amperometer. S and N denote superconductors and normal 
metals, respectively, (b) Color plot of the SQUID flux-to- 
voltage transfer function Vsquid = dVsQuio/d^ versus $ 
and Isquid- Vsquid is antisymmetric in $ and Isquid- 
(c) Color plot of the NW flux-to-current transfer function 
Iwire = dlwire/d^ vcrsus <1> and Isquid- (d) Color plot of 
the NW flux-to- voltage transfer function Vwire = dVwire/d$ 
versus $ and Isquid- Data are taken with a voltmeter in 
an open-circuit conflguration, i.e., without allowing Iwire to 
flow. Note the markedly different behavior displayed by Twire 
and Vwire which are almost symmetric in <1> as well as in 
Isquid- All measurements are taken at T = 250 mK with 
low-frequency phase-sensitive technique to get higher sensi- 
tivity and reduced noise. 



Vwire — dVwire/d^ (Fig- 2d), whcrc Vwire is measured 
with open NW contacts. Twire and Vwire result from 
different but complementary measurements, and the ev- 
idence of such a similarity suggests that both reflect the 
same physical mechanism (see Supplementary Informa- 
tion). As we shall argue, the nature of the symmetries 
displayed by Twire and Vwire is compatible with a quan- 
tum pumping mechanisms. 

In general, the pumped current is not expected to show 
definite parity with $ [T71 HH] , therefore Iwire can have a 
flux-symmetric component as well. This, however, could 
be ascribed also to other mechanisms than pumping. In 
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addition, I^ire is even not expected to possess any def- 
inite parity with Isquid- In order to extract a pure 
pumped current contribution from the whole measured 
signal we focus on the component of Iwire which is an- 
tisymmetric in /^j^g, as it is predicted to be a fin- 
gerprint of quantum pumping in the JQEP [TB]. Af- 
ter integration of Iwire, I wire therefore obtained as 
Iwire = [Iwirei^, Isquid) {-<^,Isquid)]/2. The 

result of this procedure is shown in Fig. 3a which dis- 
plays /^j^g versus $ and Isquid at 250 mK. The $o pe- 
riodicity joined with the antisymmetry imply that /^j^g 
vanishes at $ = $o/2, while its sign and magnitude 
can be changed by varying <I>. Notably, I^^^e almost 
symmetric in Isquid- The theoretical I^ire calculated 
for the JQEP geometry through a dynamical scattering 
approach assuming for the NW multiple inde- 

pendent modes is shown in Fig. 3b (see Supplementary 
Information). Although rather idealized, the model is 
an essential tool to predict the pumped current symme- 
tries of the JQEP. Remarkably, summing over many NW 
modes yields /^j^e which is almost symmetric in Isquid , 
in agreement with the experiment. 

Figure 3c shows I^^^e versus $ and Isquid over a 
wider range of SQUID currents. Specifically, /^j^e turns 
out to be a non-monotonic function of Isquid, initially 
increasing then being suppressed for large Isquid- This 
is emphasized in Fig. 3d where I^irei^) plotted for 
selected values of Isquid- Iwire ^ sinusoidal-like func- 
tion of <i> whose amplitude depends on Isquid, and is 
maximized at $ (l/4)$o and $ (3/4)$o- 

The full Iwirei^SQUiD) dependence for a few values 
of flux is displayed in Fig. 3e and highlights both the 
monotonic linear increase for low Vsquid and suppres- 
sion at large Vsquid- The symmetry in Vsquid (i.e., 
in Isquid) is emphasized as well. Furthermore, |/^irel 
is maximized at \VgQifjjj\ w 0.4 mV independently of 
$, where it reaches values exceeding 20 pA. By convert- 
ing Vgq^jjj in terms of the Josephson frequency we get 
vj ~ 190 GHz whose corresponding time, v^^ ~ 5 ps, 
is comparable to td — W^/D ~ 4 ps, i.e., the time re- 
quired by electrons to diffuse in the NW between the 
Josephson junctions. In the above expression W ~ 250 
nm is the width of the SQUID central electrode (Fig. lb) 
which we assume to coincide with the separation between 
the weak-links, whereas D ~ 0.015 m^/s is the diffusion 
coefficient of the NW [26]. The transition between the 
regime of Iwire enhancement as a function of Vsquid to 
the one of /^j^g suppression can be explained in terms 
of the ability of the electrons to follow adiabatically the 
time-dependent parameters up to a maximum frequency 
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Another possible contribution to the suppres- 



sion observed at larger Vsquid might stem from weaken- 
ing of the ac Josephson coupling at high applied current 

The Iwirei^SQUiD) dependence plotted over a reduced 
bias range is displayed in Fig. 3f. In particular, /, 
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FIG. 3. Flux and Isquid dependence of the antisym- 
metric part of current flowing in the NW. (a) Color 
plot of I^ire versus Isquid and $. (b) Color plot of the the- 
oretical zero-temperature I^ire versus Isquid and $. The 
calculation was performed for the JQEP geometry assuming 
the same asymmetry between the Josephson junctions as in 
the experiment. J™"^ is the sum of the critical currents of 
the two Josephson junctions, R is the total shunting SQUID 
resistance, and Rk — 25.8 kf2 is the Klitzing resistance (see 
Supplementary Information for further details), (c) Color plot 
of I^ire versus Isquid and "1> shown over a wider range of 
Isquid- (d) I^ire versus <1> for a few representative values 
of Isquid- The latter are indicated as dashed lines of the 
same color in panel (c). (e) I^ire versus Vsquid for a few 
selected values of $. (f) I^ire versus Vsquid plotted over a 
smaller range of Vsquid for the same "I> values as in panel (e). 
The slope in the linear regime, expressed in pA/GHz, is de- 
noted with rj. In (e) and (f) the error bars represent the stan- 
dard deviation of the current values calculated over several 
measurements, and the upper horizontal scale is expressed in 
terms of the Josephson frequency i^j. All measurements are 
taken at T = 250 mK. 



shows a linear behavior with slope ry which depends on 
the applied flux, and obtains values as high as several 
10^-^ pA/GHz. In the so-called 'adiabatic regime', i.e., 
where pumped current is expected to vary linearly with 
frequency, rj would therefore correspond to some 10~^ 
electrons per pump cycle. 
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FIG. 4. Temperature dependence of the antisymmet- 
ric part of the current flowing in the NW. (a) I^i^e 

versus I squid measured at several bath temperatures T. (b) 
I wire versus T at selected bias currents Isquid- Note the sat- 
uration of I^ire at low temperature as well as its suppression 
at high T. The error bars represent the standard deviation 
of the current values calculated over several measurements. 
Dashed lines in both panels (a) and (b) are guides to the eye, 
and all measurements are taken for $ = (3/4) $o- 



The role of temperature (T) is shown in Fig. 4a which 
displays /^^^g versus Vsquid at $ = (3/4)<i>o for several 
increasing temperatures. I^ire monotonically decreases 
upon increasing T, which can be ascribed to the influence 
of thermal smearing as well as thermal-induced dephas- 
ing, and is suppressed for T > 3.5 K. We stress that the 
aforementioned temperature is substantially smaller than 
Tc, the latter setting the disappearance of both Josephson 
effect and superconductivity in the JQEP. The I^irei^) 
dependence at the same flux is shown in Fig. 4(b) for a 
few Isquid values. Specifically, /^j^e begins to round off 
at lower temperatures indicating a saturation, whereas it 
is damped at higher T. Low-temperature behavior sug- 
gests that current tends to saturate upon reducing tem- 
perature when the "effective" separation between Joseph- 
son junctions becomes of the same order of the electron 
coherence length in the NW, Lt = y/hD / {2iTkBT) - 270 
nm at 250 mK, where h is the reduced Planck's constant 
while kB is the Boltzmann's constant. By contrast, the 
decay of Lt at higher temperatures may be considered as 
one of the predominant decoherence mechanisms leading 
to /^jre suppression. Further study is needed to clarify 
this point. 

It is worthwhile to emphasize that other effects which 
might manifest in the JQEP would yield currents charac- 
terized by symmetries markedly different from the ones 
predicted for quantum pumping (see Supplementary In- 
formation). Among these we recall (1) any spurious cur- 
rent due to asymmetry between the junctions which is 



always dominated by a component symmetric in <I> and 
antisymmetric in Isquid', (2) any thermocurrent gener- 
ated by a different power dissipated in the two junctions, 
which is expected to be predominantly symmetric in both 
$ and Isquid- 

We finally note that other normal conductors than 
InAs NWs could be used for the implementation of the 
JQEP. This might pave the way to the investigation of 
the interplay between superconductivity-induced quan- 
tum pumping and exotic electronic states existing, for 
instance, in graphene [28] or in carbon nanotubes j29j . 
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METHODS SUMMARY 

Selenium doped InAs NWs were grown by chemical 
beam epitaxy on an InAs 11 IB substrate. Gold catalyst 
particles were formed by thermal dewetting (at 520° C for 
20 min) of a 0.5-nm-thick Au film under TBA flux. NWs 
were grown for two hours at 420° C using TBA, TMI 
and DTBSe metallorganic precursors with line pressures 
of 2.0 Torr, 0.3 Torr, and 0.4 Torr, respectively. NWs 
have diameters of 90± 10 nm and are around 2.5 /im long. 
Transport parameters were estimated over an ensemble 
of nominally identical 1 /im-long NW field effect transis- 
tors using a charge control model |30j and a numerical 
evaluation of the gate capacitance. Carrier density was 
estimated to be n = 1.8 ± 0.8 x 10^^ cm^'^ and elec- 
tron mobility /i = 300 ± lOOcm^/Vs. The devices were 
fabricated using a technique of dry cleavage of the NWs 
onto Si/Si02 substrates (500 nm oxide on intrinsic Si). 
Contacts were obtained by a two-step aligned process: 
thermal evaporation of Ti/Au (10/80 nm) was performed 
first and followed by electron-beam deposition of Ti/V 
(15/120 nm) in an UHV chamber [H]. InAs NWs were 
treated with a NH4SX solution before each evaporation 
step to get transparent metal- NW contacts [26] , 

The magneto-electric characterization of the devices 
was performed in a filtered '^He refrigerator (two-stage 
RC- and 7r-filters) down to ~ 250 mK using a standard 
4-wire technique. Current injection at the SQUID ter- 
minals was obtained by using a battery-powered float- 
ing source, whereas voltage and current were measured 
by room-temperature preamplifiers. Derivative measure- 
ments (flux-to-voltage as well as flux-to-current transfer 
functions) were performed with standard low-frequency 
lock-in technique by superimposing a small modulation 
to the applied magnetic field. 
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FIG. 5. Sketch of the Josephson quantum electron 

pump. The system is modeled as three, three-legged beam 
splitters (denoted by dashed circles) labelled t, m and b, and 
connected by two ballistic normal-metal (N) wires. Electrodes 
1 and 2 are normal-metallic and grounded, while electrodes 
3, 4 and 5 are superconducting (S) and arranged to form a 
SQUID thread by a magnetic flux <I>. A dc current Isquid 
is fed into the SQUID terminals through a floating source 
determining a voltage drop Vsquid- Qp represents the charge 
pumped per cycle in the N electrodes. 



SUPPLEMENTARY INFORMATION 

Theoretical model Let us consider the system de- 
picted in Fig. [5) where a NW is connected to two normal- 
metal (N) leads, labelled by 1 and 2, and to three super- 
conducting (S) leads, which implement a SQUID, labelled 
by 3, 4, and 5. If the SQUID is polarized by a current 
Isquid larger than its critical current, the ac Josephson 
effect sets in introducing a time-dependence in the scat- 
tering amplitudes through the NW and enabling pump- 
ing to occur. A magnetic flux <& threads the SQUID in- 
troducing a phase shift S(p = 27r<I>/$o, where $0 — 7r/i/e 
is the flux quantum, e is the electron charge and h the 
reduced Planck's constant. In the adiabatic regime, the 
charge pumped per cycle in one of the N leads Qi (with 
i = 1,2) can be calculated in the scattering approach 
through a generalization of the Brouwer's formula [3| to 
hybrid systems [23-25 . If xi{t) and X2{t) are the two 
pumping parameters varying along a closed path in the 
(xi, a;2)-space, at zero temperature one finds that 



Qi ^ - dxidx2y^ Ilij{xi,X2) 



(1) 



where f2 is the area enclosed by the path in parameter 
space, and 



^i,jixi,X2) = 3 



(^{^cc]i,j d[Scc]i,j 

dxi dx2 



dxi 



dx2 



(2) 



In Eq. ([2|, See and are, respectively, the normal and 
the Andreev scattering matrices between the two N leads 
evaluated at the Fermi energy. Assuming that all leads 
support a single propagating channel, [S'oo]i,i (['5'he]i,i) is 
the amplitude for an electron entering from lead i = 1, 2 
to be reflected back as an electron (hole), while [S'oo]j,i 
{[Sho]j,i), with j i, is the transmission amplitude for 
an electron entering from lead i and exiting through lead 
j as an electron (hole). S^c and 5'he can be determined 
by the scheme proposed in Ref. |25| . which requires the 
calculation of the scattering matrix S of the system de- 
picted in Fig. [5] when all contacts are in the normal state. 
5', in turns, is computed as a composition of three (three- 
legged) beam splitters, indicated by dashed circles in 
Fig. [5] and labelled by the index A = {t, m, b}, connected 
to each other through a pair of ballistic N wires of dif- 
ferent lengths. The scattering matrix of beam splitter A 
can be written as 



Sx = 



27A e*'^^ 
7a 



/l 


-7A 


2 


/l 


-7a 



ll 


-7A 


2 




-7a 



I 



where 

-V'A - 



(3) 



7a takes values 
- gA arccos[-7A/(l 



between and 1/2, ax = 
- 7a)] and ^a = -V^a - 
qx arccos[— 7a/(1 — 7a)] with qx — ±1- The three S leads, 
described by constant pair potentials Aj = |A|exp(i0j) 
(with i = 3, 5), are assumed to be ideally coupled to the 
structure so that perfect Andreev reflection occurs at the 
S interfaces. When the bias current Isquid is larger than 
the critical current of the SQUID, a voltage Vsquid de- 
velops across the latter. For the SQUID we assume the 
RSJ voltage-current relation [22 



Vsquid{5^) = &ign{IsQuiD)R^ Isquid ~ Ic{S(p)^, 

(4) 

where R is the total shunting SQUID resistance and 
Ic{S<f) is the flux-dependent SQUID critical current. The 
latter, used to flt the data in Fig. Ic, can be written as 



Ic{S^) ^ {Id + Ic2) Vr2 + (l-r2)cos2(<5^/2), (5) 

where Id and 1^2 are the critical currents of the indi- 
vidual Josephson junctions composing the SQUID, and 
r — {Id — Ic2)/{Id + Ic2) is the degree of asymmetry of 
the SQUID. 

From a practical point of view, we first calculate Qi 
and Q2 through Eq. ([T]) assuming that the N leads 1 and 
2 and lead 5 are grounded, while S leads 3 and 4 are kept 
at the potential Vsquid- This choice sets the phases of 
the superconductors as follows: 



h = sign{IsQuiD)i^jt 



(6) 
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hi = sign(/sQ(77D)w,/t - 5ip 



(7) 



Sip 

T 



— arctan 



cot 



Sip 

T 



, 2 sign(sin ~ 2 '^^S^^^-S'QC^^^)' (^) 

where = 2ttvj = 2t:\Vsquid\/^o is the Josephson 
angular frequency and the function arctan takes val- 
ues between — 7r/2 and 7r/2. The value of 05 is cho- 
sen to ensure that the supercurrent is maximized in the 
limit of wj — >■ 0. As a consequence of this, all observ- 
able quantities exhibit the standard <l>o periodicity. The 
pumping parameters are defined as xi{t) = cos(a;,/t) 
and X2{t) = sm{ujjt) so that exp(i03) = 2:1-1- 12:2, 
exp(z(/)4) = (xi -|-za;2)exp(— i(5(/3). From this choice is clear 
that the two parameters are maximally out of phase, in- 
dependently of Sip, and that the path is a circle of radius 
one centered around the origin. Since the N and S parts 
of the circuit have no common ground, the actual chem- 
ical potentials of the S electrodes with respect to the 
potential of the N electrodes have to arrange themselves 
so that no net current flows between the two parts of the 
circuit. As a consequence, the charge pumped per cycle 
can be written as 



Qp{Sip) 



gi(MG2(M-Q2(MGi(M 

Gi(M + G2(M 



(9) 



where Gi = |[S'ho]i,i| + |['S'hc]i,2| is the conductance 
(in units of /■kK) relative to lead i. Note that, in 
general, Qp{Sip) has no definite parity in Stp, in agree- 
ment with the results of Refs. [T71 [TH], and no def- 
inite parity in I squid- The (5<y9-antisymmetric com- 
ponent of the pumped current is obtained as /^j^g — 
{lo.j/2tt) [Qp{S,p)^Qp{^S^)]/2. In Fig. 3b I^re is plot- 
ted in units of I^'^'^R/Rk, where 1^'''= = 1^ + Ic2 and 
Rk = 2-Khje^ is the Klitzing resistance. The current has 
been computed assuming that the NW carries 50 inde- 
pendent channels, each of which described by a scattering 
matrix obtained taking V'a, 1\ and the phases accumu- 
lated along the two N wires as random parameters, while 
setting 7t = 1/10, 7™ = 1/11 and 7^ = 1/13. 

In the configuration where lead 1 is a voltage probe 
(rather than connected to ground) one can calculate the 
voltage which develops at lead 1 as a consequence of 
the charge pumped. V^, determined by setting to zero 
the current fiowing in the NW, can be written as 



Vp{Sip) = \VsQVlD(Sip)\ 



Gi(M + g2(M , 

Gi(MG2(M 



>p(M- (10) 



The Gi has, in general, no definite parity in Sip and 
1 SQUID- Furthermore, ^g^iJI)G2{Sv) approximately 
even in both quantities also in the presence of a small 
asymmetry between the two Josephson junctions (which 
is typically the case of any realistic situation), so that Vp 
and Qp show the same parity both in Sip and Isquid- 



The flux-antisymmetric component of Vp is deflned as 
V.1.e(M = [Vp{5v) - Vp{-Sv)]/2. 

We shall further discuss the spurious effects which can 
occur in the presence of a shunting dissipative current 
across the Josephson weak-links. If the two Josephson 
junctions are not equal, a spurious voltage Vs (contain- 
ing a constant and a time-oscillating component) arises 
in the NW between the beam splitters t and b in Fig. [5] 
This produces a current Is in the NW that is not origi- 
nated by quantum pumping. On the one hand, the cur- 
rent Ia,const related to the constant component of Vs re- 
verses by changing the sign of Isquid, in contrast to 
^wire^ it is an even function of Sip. On the other 
hand, it turns out that the quantum rectifled current 
Is.rect associated to the oscillating component of Vs has 
no definite parity both in Sip and Isquid, similarly to 
Qp of Eq. (|9|. However, Is, red exists only in the pres- 
ence of a finite Is,const, since they have the same physical 
origin. Yet, Is,rect is smaller than Is,const because the 
amplitude of the oscillating components of Vs is set by 
jmax ^ whereas the constant component of Vg is propor- 
tional to Vsquid- Therefore, the total spurious current 
is dominated by the component that is even in flux and 
odd in Isquid which would be detected, if present, in 
the transfer function Twire- Since the measured deriva- 
tive signal Twire is almost flux-symmetric [see Fig. [2][c)], 
we can rule out the presence of Is,const and therefore of 
quantum rectiflcation. We stress that even in the pres- 
ence of a sizable Is,const, our calculations predict /^j^g to 
be typically several orders of magnitude larger than the 
flux-antisymmetric component of Is,rect (which is even in 
Isquid) thus fully dominating the measured signal. 

In analogy, the current Isquid might produce a differ- 
ent power dissipated between points t and b in Fig.[5]lead- 
ing to a thermocurrent flowing through the NW. Since Vg 
is dominated by its constant component, this thermocur- 
rent would be almost symmetric both in Sip and Isquid j 
in contrast to /^j^e- addition, there could be a small 
contribution to the thermocurrent due to the oscillating 
component of Vs which would have no deflnite parity both 
in Isquid and Sip. Since the power dissipated is propor- 
tional to V^ such contribution to the thermocurrent is a 
fortiori negligible. 

In conclusions, all the mechanisms envisioned above 
to produce a spurious dc current can be distinguished 
from quantum pumping by their parity with respect to 
magnetic flux $ or bias current Isquid- 

Supplementary data Here we present additional 
data for another JQEP device with nominally-identical 
geometry. Its essential parameters are the SQUID 
normal-state resistance of ^ 187 SI and the resistance of 
the Au/NW/Au line of ~ 2.1 kQ. The general behavior of 
this device is similar to that discussed in the main text 
although it is characterized by less symmetry between 
the two Josephson junctions. Figure [6] (a) displays the 
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FIG. 6. Experimental data for a different JQEP. 

(a) ^-dependent modulation of the SQUID critical current 
7c- Dashed line is the theoretical behavior of a tunnel and 
resistively-shunted junction SQUID assuming an asymmetry 
r ~ 9% between the critical currents of the two weak-links. 

(b) Color plot of the NW flux-to-current transfer function 
Iwire = dlniire/d^ versus <1> aud IsQuiD- (c) Color plot of 
Imire vcrsus IsQuiD aud $. (d) itiri^ vcrsus VsQuiD for a few 
selected values of <E>. Data in (a)-(d) are taken at T = 250 
mK. (e) I:^ire versus temperature T at selected bias currents 
IsQuiD for $ = (3/4)"I>o- The error bars represent the stan- 
dard deviation of the current values calculated over several 
measurements, and dashed lines are guides to the eye. 



full Ic{^) dependence of the SQUID measured at 250 mK 
which shows a maximum critical current of ~ 330 nA. Su- 
perimposed for a comparison (dashed line) is the model 
for a tunnel and resistively-shunted junction SQUID [22 
assuming an asymmetry r ~ 9% between the critical cur- 
rents of the two weak-links. The low-temperature flux- 
to-current transfer function T^ire — dlyjire/ d'^ versus 
and I SQUID is shown in Fig. [6j3. Iwire shows no defi- 
nite parity both in $ and I squid which stems from the 
presence of a spurious current Ig in the NW, and might 
be attributed to the reduced symmetry of the SQUID 
junctions. Figure [g]; shows the extracted I^ire versus <i> 
and I SQUID at 250 mK which highlights both the non- 
monotonic dependence and symmetry in Isquid- The 



full I^irei^SQUiD) dependence for a few selected values 
of $ at 250 mK is displayed in Fig. [6ji, and emphasizes 
the overall symmetry in Vsquid- For the present de- 
vice |/^irel is maximized at \V^^jjj\ « 0.25 mV where 
it obtains values exceeding ^ 27 pA. jV^g'^j^l corre- 
sponds to a Josephson frequency I'j ~ 120 GHz (and 
related time vj^ ^ 8 ps). This difference from the de- 
vice presented in the main text could originate from a 
slightly larger width W of the SQUID central electrode 
combined with a reduced NW diffusion constant which 
lead to an increased diffusion time td- The I^irei"^) de- 
pendence at $ = (3/4)$o is shown in Fig. [6^ for a few 
selected Isquid currents. Specifically, I^ire i^ rounded 
off at low temperature, whereas it is strongly damped 
and suppressed for T > 3 K. The general behavior of 
^wire ^^'^ the arguments of the previous section there- 
fore suggest that in this sample /^j^g is fully dominated 
by quantum pumping, although a small component of 
quantum rectification might perhaps be present as well. 



[1 
[2 

[3 

[4; 

[5 
[6 
[7 

[8 

[9 

[lo; 

[11 
[12 

[13 

[14 
[15 

[16 

[17 



f . giazotto@sns .it 

D. J. Thouless, Phys. Rev. B 27, 6083 (1983). 

M. Biittiker, H. Thomas, and A. Pretre, Z. Phys. B 94, 

133 (1994). 

P. W. Brouwer, Phys. Rev. B 58, R10135 (1998). 

F. Zhou, B. Spivak, and B. Altshuler, Phys. Rev. Lett. 

82, 608 (1999). 

H. Pothier, P. Lafarge, C. Urbina, D. Esteve, and M. H. 
Devoret, Europhys. Lett. 17, 249 (1992). 
J. M. Martinis, M. Nahum, and H. D. Jensen, Phys. Rev. 
Lett. 72, 904 (1994). 

N. E. Fletcher, J. Ebbecke, T. J. B. M. Janssen, F. J. 
Ahlers, M. Pepper, H. E. Beere, and D. A. Ritchie, Phys. 
Rev. B 68, 245310 (2003). 

J. Ebbecke N. E. Fletcher, T. J. B. M. Janssen, F. J. 
Ahlers, M. Pepper, H. E. Beere, and D. A. Ritchie, Appl. 
Phys. Lett. 84, 4319 (2004). 

J. P. Pekola, J. J. Vartiainen, M. Mottonen, O.-P. Saira, 
M. Meschke, and D. V. Averin, Nature Phys. 4, 120 
(2008). 

A. Fuhrer, C. Fasth, and L. Samuelson, Appl. Phys. Lett. 
91, 052109 (2007). 

M. R. Buitelaar, V. Kashcheyevs, P. J. Leek, V. I. Talyan- 
skii, C. G. Smith, D. Anderson, G. A. C. Jones, J. Wei, 
and D. H. Cobden, Phys. Rev. Lett. 101, 126803 (2008). 

B. Kaestner, V. Kashcheyevs, G. Hein, K. Pierz, U. Sieg- 
ner, and H. W. Schumacher, Appl. Phys. Lett. 92, 192106 
(2008). 

M. Switkes, C. M. Marcus, K. Campman, and A. C. Gos- 
sard. Science 283, 1905 (1999). 

P. W. Brouwer, Phys. Rev. B 63, 121303(R) (2001). 

L. DiCarlo, C. M. Marcus, and J. S. Harris, Jr., Phys. 

Rev. Lett. 91, 246804 (2003). 

S. Russo, J. Tobiska, T. M. Klapwijk, and A. F. Mor- 
purgo, Phys. Rev. Lett. 99, 086601 (2007). 
T. A. Shutenko, B. L. Altshuler, and I. L. Aleiner, Phys. 
Rev. B 61, 10 366 (2000). 



8 



[18] M. Moskalets and M. Biittiker, Phys. Rev. B 72, 035324 

(2005). 

[19] A. F. Andrccv, Sov. Phys. JETP 19, 1228 (1964). 

[20] F. Giazotto, J. T. Peltonen, M. Meschke, and J. P. 
Pekola, Nature Phys. 6, 254 (2010). 

[21] P. Spathis, S. Biswas, S. Roddaro, L. Sorba, F. Giazotto, 
and F. Beltram, Nanotechnology 22, 105201 (2011). 

[22] M. Tinkham, Introduction to Superconductivity, 2nd Edi- 
tion (McGraw-Hill, Inc., New York, 1996). 

[23] J. Wang, Y. Wei, B. Wang, and H. Guo, Appl. Phys. 
Lett. 79, 3977 (2001). 

[24] M. Blaauboer, Phys. Rev. B 65, 235318 (2002). 



[25] F. Taddci, M. Governale, and R. Fazio, Phys. Rev. B 70, 

052510 (2004). 

[26] S. Roddaro, A. Pcscaglini, D. Ercolani, L. Sorba, F. Gi- 
azotto, and F. Beltram, Nano Res. (2011) (in print). 

[27] R. E. Harris, Phys. Rev. B 10, 84 (1974). 

[28] A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. 
Novoselov, and A. K. Geim, Rev. Mod. Phys. 81, 109 
(2009). 

[29] Y. Wei and J. Wang, Phys. Rev. B 66, 195419 (2002). 
[30] X. Jiang, Q. Xiong, S. Nam, F. Qian, Y. Li, and C. M. 
Lieber, Nano Lett. 7, 3214 (2007). 



